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Introduction
In recent years, optical interconnects have emerged as a potential replacement for metallic interconnects to address limitations in power consumption, latency, and bandwidth [1, 2, 3] . One of the primary challenges of optical interconnects is to reduce the energy requirement, with a targeted energy-per-bit near ∼ 10 fJ/bit for chip-to-chip communication over the next decades [1] . While there has been steady progress in power and speed of directly modulated laser sources [4, 5, 6] and modulators with external lasers [7, 8, 9, 10, 11, 12] , the 10 fJ/bit target remains extremely challenging. One approach is to dramatically miniaturize the active region. Since a capacitive modulator requires an energy-per-bit of U = CV 2 /2, where C is the capacitance and V the swing voltage [13] , the switching energy can be reduced with the size, and hence the capacitance, of the device. The smallest size may be reached with a single emitter, such as a quantum dot (QD). The absorption cross section of a single QD is too small, but it can be greatly enhanced in a nanocavity [14, 15] . In particular, we showed that a single QD strongly coupled to a photonic crystal (PC) cavity effectively controls the cavity reflection [14] . Here, we build on this result to modulate the transmission of a cavity by shifting the QD in a p-i-n junction. The voltage across the p-i-n junction is varied by optical carrier injection, but may instead be controlled with electrical contacts. We measure a modulation response time of In the experiment, a signal laser (at λ s ∼ 920.5nm) and a tuning laser (λ t ∼ 780nm) are incident on the cavity at a vertical polarization (|V ). The cavity is linearly polarized at 45
and is backed by a distributed Bragg reflector, effectively creating a single-sided cavity. The modulated signal beam is measured in the horizontally polarized output port after a 900 nm long pass filter. (c) Illustration of the p-i-n junction integrated in the GaAs PC membrane. (d) Anticrossing observed in the PL as the QD single exciton (X) is temperature-tuned through the cavity. The QD is pumped through higher-order excited states by optical excitation at a wavelength of λ e = 873 nm. (e) The QD blue-shifts as the power P t of the tuning laser at 780 nm is increased while the pump laser power P p is fixed. If the pump is turned off, the PL is dramatically reduced.
13 ns (limited by the speed of the modulation laser). Because of a residual charging effect, the modulation speed is limited to ∼ 5 MHz with an energy-per-bit near 200 fJ, though it appears that bandwidths exceeding 10 GHz and energies well below 1fJ/bit are possible by electrically contacting the p-i-n junction. Our use of the QD/cavity system as a modulator suggests that the strong light/matter interaction achievable in cavity quantum electrodynamic systems could provide the basis for a new class of classical information processing devices for applications demanding high speed and low power.
System characterization
The sample is grown by molecular beam epitaxy. A 160-nm thick, GaAs membrane contains a central layer of self-assembled InAs QDs with a density of ∼ 50/μm 2 . The single exciton emission of the dots is distributed around 910-940 nm. The GaAs membrane is doped to form a vertical p-i-n diode with the QD layer in the intrinsic region ( Fig. 1(c) ). Both p and n regions have a doping concentration near 10 18 /cm 3 . The photonic crystal structures are then fabricated by a combination of electron beam lithography and dry/wet etching steps [16] .
The optical system considered here consists of a self-assembled InAs quantum dot (QD) coupled to a three-hole defect (L3) PC cavity ( Fig. 1(a) ). The cavity design is based on Ref. [17] , but is modified with a set of perturbations to increase the directionality of the radiated field [18] . Since the perturbations introduce some additional photon loss, the cavity quality factor is only 6000, somewhat lower than unperturbed cavities in similar experiments [14] . The sample is cooled to 20-50 K inside a continuous-flow cryostat and analyzed in the confocal microscope 
Controlling the QD in a p-i-n junction
The dot is tuned in the p-i-n junction by a process that we identify as the DC Stark shift. This shift has been demonstrated previously using electrical contacts to control an electric field across the QD [19, 20, 21] . However, to facilitate testing of many devices inside the cryostat, we instead modulate the built-in DC electric field in the p-i-n junction optically, by photogenerated charge separation across the PC membrane. The charge carriers are created with a 'tuning' laser at wavelength λ t = 780nm (frequency ω t above the GaAs bandgap energy) and power P t in the microwatt range. The beam is focused to ∼ 5μm to cover the PC structure. Figure 2 (a) shows a simulation of the built-in electric field across the p-i-n junction. The QD layer is located near the electric field maximum of ∼ 20kV/cm. In the simulation, a source term models the photogenerated carrier density by P t /(hω t V t ), where V t is the volume on which the tuning laser is incident. The accumulation of photogenerated carriers changes the electric field across the QDs in the sample growth direction, as shown in Fig. 2(b) . The simulated electric field 1 is used to calculate the expected Stark shift on the QD, based on data from Ref. [20] , as is shown in the scale on the right hand side of Fig. 2(b) . From the model, we therefore expect a change in the QD wavelength of Δλ QD ∼ 0.1 nm at a tuning laser power of ∼ 1μW.
To characterize the electric field across the p-i-n junction and its effect on the QD, we plot in Fig. 1 (e) the photoluminescence (PL) when the tuning laser power P t is increased from zero to 200 nW. We simultaneously create carriers in the QD in the PC with a pump laser at 860 nm at a power of P p = 4μW, measured before the objective lens. The pump laser is not absorbed in the bulk GaAs since its frequency is below the bandgap, and therefore the pump laser is not expected to significantly affect the bias voltage across the QD. The QD/cavity system is initially tuned on resonance by temperature, so we observe two nearly equally intense polariton modes (bottom plot in Fig. 1(e) ). When P t is raised, the system detunes as the QD transition frequency is blue-shifted. We note that the tuning laser itself does not appreciably contribute to the QD photoluminescence: when the pump laser is turned off, the PL vanishes.
QD-controlled cavity transmission
We describe now how the cavity transmission is measured and controlled by the QD. As illustrated in Fig. 1(b) , an external, vertically polarized (V ) probe beam is coupled into the cavity, which itself is linearly polarized at 45
The reflection is measured in the horizontal polarization (|H ) to reduce the uncoupled background field [14] . This reflectivity measurement may be equivalently viewed as a cavity transmission measurement from the vertical (|V ) to horizontal (|H ) polarization.
The transmission function is first probed using a broadband light source, as plotted in Fig.  3(a) . The graph shows the QD-induced transmission dip as the dot is scanned across the cavity resonance by raising P t from 0 to 2 μW. The spectra in Fig. 3(b) show the strong contrast in the transmission spectrum as the QD is tuned from the red-detuned starting point (P t = 0) onto resonance with the cavity (P t ∼ 1μW) to the blue-detuned condition at P t = 2μW. The dashed line in Fig. 3(a) is a guide to the eye for the QD transition with tuning power; in Fig. 3(c) , we plot the actual QD wavelength which is extracted from a fit to the transmission spectra. Comparing these observations with our theoretical model, we find good agreement: at a tuning power of 2μW, the QD shift is Δλ QD ∼ −0.16 nm, close to the calculated value of −0.12 nm. We do not expect perfect agreement since the carrier distribution in the model is only a rough approximation, but we find that the model adequately describes the tuning behavior of the QD.
Although the broad-band transmission shows the electric field dependence of the QD single exciton wavelength, the spectral features are limited by the resolution of the spectrometer (∼ 0.03 nm). To increase the resolution, we replace the broad-band source with a narrow-band laser that is tuned near the QD transition. Figure 4(a) shows the transmission of the QD/cavity system when the narrow (linewidth < 10 MHz) probe laser is coupled into the cavity and the QD is then tuned across the cavity resonance by the electric field. A weak pump laser (λ = 860 nm with P p = 4μW) simultaneously excites the QD so that the QD single-exciton wavelength is visible in the figure. In Fig. 4(b) , we plot the observed probe transmission as the QD is tuned through the cavity. Large contrast is observed as the QD is tuned through the cavity resonance. We note that the PL from the QD is negligible in the transmission -it is 160 times weaker than the intensity of the transmitted probe at maximum. To measure the modulation speed, the narrow probe laser is tuned to the cavity resonance while the QD is shifted between the positions corresponding to the highest and lowest transmission values in Fig. 4(b) . The tuning laser is modulated with a square wave envelope between 0.5μW and 2μW at a frequency ν m . The time-resolved transmission is then measured on an avalanche photodiode. Figure 4 (c) plots the measured photodiode count rate I for a modulation speed of ν m = 1 MHz. To better resolve the time-dependent features, we used a duty cycle that keeps the QD detuned from the cavity (high transmission) for 20% of each period. Two time-scales are responsible for the time domain data show in Fig. 4(c) : a response time of τ L ∼ 13ns corresponding to the modulation bandwidth of the tuning laser; and a slow relaxation time of τ 0 ∼ 140 ns. Because of the long relaxation time, we expect a high frequency cutoff near 7 MHz; this is confirmed by a measurement of the modulation visibility VIS=(max(I) − min(I))/(max(I) + min(I)) with frequency, which indicated a cut-off near 5 MHz (Fig. 4(d) ). τ 0 is much longer than the approximate RC response time of the capacitive layer (∼ 10 ns) and the diffusion time of the carriers [22] . We speculate that trapped charges, potentially in nearby quantum dots, contribute to the screening of the field across the p-i-n junction, but the exact mechanism is presently not clear. The visibility in the pulsed measurement is considerably lower than the values obtained under slow tuning (for instance, the visibility in Fig. 3(b) reaches VIS∼ 0.61 and a corresponding modulation depth of ∼ 6.3dB). A major factor in the reduced visibility is drifting of the alignment of the tuning and probe lasers, which made it difficult to maintain the optimal transmission contrast during the data acquisition; in the future, the stability could be improved in waveguide-coupled designs [23, 24] . We also note that we did not observe frequency broadening of the transmitted field and expect chirp to be small, as in other electrorefractive modulators [25] .
The modulation speed of the device is determined by two factors: the electrical bandwidth corresponding to the contacts, and the inherent 'optical bandwidth' corresponding to the response of the coupled QD-cavity system. As mentioned above, the electrical bandwidth appears limited in the present device by trapped charge states which may be reduced by improved material growth and processing [26, 27] . The bandwidth is additionally limited by the contact's RC time constant, which, however, could be as low as 10 ps [28] . Meanwhile, the optical bandwidth is limited by the response time of the coupled QD-cavity system. In the weak-coupling regime, this limit corresponds to the scattering rate of the QD [29, 30] , given by the modified QD spontaneous emission rate rate FΓ 0 , where F denotes the Purcell factor and Γ 0 the natural decay rate of the QD. From lifetime measurements of uncoupled QDs, we estimate Γ 0 ∼ 1GHz. In the strong coupling regime, the QD-cavity coupling rate g exceeds the cavity field and QD dipole decay rates, g > κ, Γ 0 /2. The strongly coupled system's response rate is then limited by the cavity intensity decay rate 2κ, corresponding to κ/π ∼ 50 GHz. In the present device, the optical bandwidth is clearly much faster than the electrical bandwidth and therefore does not limit the overall modulation speed.
To estimate the energy-per-bit, we consider the average applied power on the order of 1μW at a modulation rate of ∼ 5 MHz, giving an energy of 200 fJ/bit. This power could be reduced very substantially if the p-i-n region were defined at submicron length scale around the quantum dot, which should lower the capacitance below 1 fF [28] . The quantum dot could be shifted through the cavity with a voltage below 100 mV [20] . We therefore expect that switching powers below CV 2 < 0.01 fJ/bit may be achieved for the QD-cavity system; the actual device power consumption would then likely be dominated by losses in the external circuitry.
Conclusions
In conclusion, we have demonstrated optical modulation in a strongly coupled quantum dotcavity system realized in a p-i-n junction. When the field in the junction is controlled by optical injection of carriers, we find that the QD response time is limited by the 13-ns turn-on time of the tuning laser (a slower relaxation time currently limits the modulation frequency to ∼ 5 MHz). We estimate a low switching energy of ∼ 200 fJ. In future designs, the electric field could be controlled by electrical contacts to the p-i-n diode; this has been already been accomplished in single cavities [19, 20] and waveguide-integrated nanocavities [21] , and has been shown in photonic crystal waveguides at a bit rate exceeding 1 Gbit/s [31] . The QD may also be shifted by a laterally applied electric field across a capacitor [32] . Using submicron wide contacts, electrical control of the p-i-n junction may be very fast, with an estimated RC time on the picosecond scale and energy-per-bit below 1 fJ. Our demonstration of optical modulation via a single quantum dot demonstrates the potential of solid-state cavity quantum electrodynamic systems for high-speed, low-power classical information processing.
